The early isolation of New Zealand from the Gondwanan mainland 55 million years ago ([@r1]), along with extinctions during the cooling events of the Miocene and Pliocene, created an island archipelago free of land mammals ([@r1]). Over time, the ecological niches filled by mammals elsewhere were taken over by birds, giving rise to a variety of flightless avifauna found nowhere else in the world, including the iconic moa (Dinornithiformes), kiwi (*Apteryx* sp.), and kākāpō (*Strigops habroptilus*). However, since the arrival of Polynesian settlers to the archipelago 750 y ago ([@r2], [@r3]), the terrestrial avifauna has nearly halved, and at least 64 species of New Zealand's endemic birds and reptiles have become extinct, with new species added to the extinction list each year ([@r4][@r5][@r6]--[@r7]).

The impact of human arrival on the local biodiversity across different continents is a hotly debated topic ([@r8][@r9]--[@r10]), with climate, disease, hunting, and human commensals (or a combination thereof) put forward as drivers of extinctions and extirpations. However, the direct impacts of humans are often challenging to tease apart from climatic changes ([@r11]) when they coincide. Moreover, in many locations, the archaeological record is blurred by the Holocene sea level rise that consumed many early coastal sites across the globe ([@r12]). As the last major landmass to be settled by humans, and with a relatively stable Holocene climate ([@r13]), New Zealand continues to offer a unique opportunity to assess the impact of human arrival on island ecosystems.

During the last 150 y, morphological analyses of the Quaternary fossil and subfossil records in New Zealand have provided insights into biodiversity turnover on the islands. For example, the finding of thousands of bones across hundreds of archaeological middens suggests that within a few centuries after the initial Polynesian settlement, a small population (\<2,000 individuals) drove the moa to extinction ([@r14][@r15][@r16]--[@r17]) and caused the extirpation of sea lion (*Phocarctos* spp.) and penguins (*Megadyptes waitaha*) from the New Zealand mainland ([@r18], [@r19]). However, the full extent of human-driven extinctions in New Zealand is still unclear, as morphological analysis of the subfossil record is complicated by a number of documented extirpation/recolonization events ([@r18], [@r19]) and the existence of taxa exhibiting sexual dimorphism ([@r20]) or cryptic morphology ([@r21]). Furthermore, an important component of New Zealand's subfossil assemblages remains understudied, as nondiagnostic bones figure prominently in many deposits ([@r22]), especially in archaeological middens, where bones are typically fragmented by human processing. As such, morphological approaches might overlook key species when diagnostic features are lost from taphonomic processes.

Here we analyze ∼5,276 bone fragments from archaeological and paleontological sites across New Zealand to reveal past biodiversity, population dynamics, extinction processes, and the impact of subsistence practices on the local fauna. We analyzed undiagnostic, fragmented bones from museum collections in New Zealand, using Bulk Bone Metabarcoding (BBM) ([@r23]), which allows for a cost-effective and rapid screening of hundreds of fragments at each site, and thousands of fragments across a landscape, simultaneously. By overlaying genetic data onto the already-existing morphological record, we characterize the unknown fractions of subfossil assemblages across the archipelago, providing an alternative lens through which to view the critical period in which humans and native fauna first interacted.

Results and Discussion {#s1}
======================

We analyzed ancient DNA extracted from 70 bulk bone powder samples, representing more than 5,276 bone fragments collected from 38 different bone assemblages across New Zealand. Of these, 15 sites are naturally deposited (paleontological) assemblages, 21 assemblages represent archaeological midden deposits, and two sites contain layers of both paleontological and archaeological bone fragments ([Fig. 1*B*](#fig01){ref-type="fig"} and [*SI Appendix*, Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)). The 38 bone deposits analyzed cover the last 20,000 y of New Zealand's past, with paleontological sites represented by four Pleistocene deposits and 11 Holocene deposits, whereas the archaeological middens represent prehistoric Māori activities between AD 1300 and 1800 ([*SI Appendix*, Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)). As the associated level of detail on excavation process and stratigraphy varies between bulk bone samples, we do not distinguish between stratigraphic units within one site, but consider bulk bone samples from one site as a single entity, and the age of those bones as the age range of that bone deposit (*Methods*).

![Overall biodiversity of excavated bulk bone. Species composition was analyzed using four metabarcoding assays targeting vertebrate taxa. (*A*) Dendrogram highlighting the diversity of orders identified in all samples, with examples of taxa identified in silhouettes. Bar sizes represent the number of taxa identified in each order. (*B*) Sample localities of archaeological midden sites (red triangles) and paleontological deposits (gray triangles). (*C*) Correspondence analysis based on presence/absence of all taxa identified from archaeological or paleontological sites. The distribution of herpetofauna (Class: Amphibia and Reptilia), fish species (Class: Actinopterygii and Chondrichthyes), and marine mammals (Family: Phocidae and Otariidae and Order: Cetacea) is highlighted by ellipses of incremental confidence intervals of 0.4, 0.6, and 0.8.](pnas.1803573115fig01){#fig01}

Using four different metabarcoding assays ([*SI Appendix*, Table S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)), we were able to amplify endogenous DNA in 37 of the 38 assemblages investigated. Next-generation sequencing yielded a total of 1,811,732 reads postfiltering (7,580 reads per sample per assay on average), corresponding to 653 operational taxonomic units. Of these, 436 operational taxonomic units could be assigned to a taxonomic node at family level or below (*Methods*). We found a highly diverse composition of species across all sites, with 170 taxa representing at least 110 different species ([Fig. 1*A*](#fig01){ref-type="fig"}). Unsurprisingly, birds (class: Aves) make up the largest and most diverse group, with 54 different species, whereas bony fish (class: Actinopterygii) and mammals (class: Mammalia) represent the second and third most diverse groups, with 29 and 21 different species identified, respectively. Other classes represented are Amphibia (three species), Reptilia (two species), and Chondrichthyes (one species).

Correspondence analysis (CA) based on the entire dataset revealed a clear clustering of archaeological and paleontological sites ([Fig. 1*C*](#fig01){ref-type="fig"}), which was confirmed by a canonical correspondence analysis constrained by site type (archaeological/paleontological) showing that 6.7% of the variance in the data (*P* \< 0.001; 999 permutations) is explained by site type. The difference between archaeological and paleontological sites is primarily explained by the high number of bony fish species and marine mammals unique to the archaeological sites. Conversely, amphibians (*Leiopelma* sp.), skinks (*Oligosoma* sp.), and owls (*Ninox novaeseelandiae* and *N. albifacies*) were found in paleontological sites but were absent in archaeological middens.

In the following sections, we discuss how BBM can inform us about past anthropogenic impacts on the environment by focusing on the four major groups of species identified: marine mammals, bony fish, birds, and reptiles and frogs.

Marine Mammals: Sealing and Whaling in Precontact New Zealand. {#s2}
--------------------------------------------------------------

Marine mammals were detected in 71% (15/21) of the archaeological sites, and in total, nine species of marine mammals were definitively identified ([Fig. 2](#fig02){ref-type="fig"} and [*SI Appendix*, Table S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)). The most commonly detected taxa are the New Zealand fur seal (*Arctocephalus fosteri*), the New Zealand sea lion (*Phocarctos hookeri*), and the southern elephant seal (*Mirounga leonina*), identified at 9, 7, and 8 different sites, respectively, and recovered consistently from independent bulk bone subsamples. Our BBM data complement previous studies ([@r24], [@r25]) in confirming the importance of sealing to Māori in New Zealand before 1500 AD: of the 14 sites in which pinniped DNA is detected, only a single site is characterized exclusively as late Māori (deposited after 1500 AD). Nonetheless, the frequency of sites where sea lion and elephant seal were detected is higher in the DNA record than in the morphological record. In previous morphological studies, the number of early assemblages where fur seal remains were identified was consistently twice as high as that of elephant seal and sea lion ([@r24]), whereas in our study, we detect fur seal at the same frequency as elephant seal and sea lion. This suggests that these species might have played a more prominent role in the subsistence economy of precontact New Zealand than previously believed. This discrepancy could reflect a bias in morphological identifications of highly fragmented seal remains, which might be more likely to follow the current understanding of a dominance of fur seal in Māori middens. Nevertheless, the presence of fur seal and sea lions in early Māori middens supports recent findings demonstrating that both species were hunted extensively immediately after human arrival, causing the extinction of the mainland lineage of seal lions ([@r18]) and a near extinction of fur seals ([@r26]). For elephant seals, their abundance in middens before 1500 AD strongly suggests that, as opposed to today, elephant seals were breeding in New Zealand at the time of Polynesian arrival.

![Localities of midden sites in which DNA from marine mammals was identified.](pnas.1803573115fig02){#fig02}

In the morphological record, the most commonly identified cetacean from New Zealand middens is the pilot whale (*Globicephala* sp.), followed by dolphins (Delphinidae spp.) ([@r27]), a pattern that is reflected in the record of modern strandings, where pilot whales are the most abundant by far ([@r28]). However, the majority of cetacean bones cannot be identified morphologically because of osteological similarities between whales ([@r24], [@r29]) and the common practice of reworking their bones into tools ([@r30]). DNA analysis is not dependent on morphology, and thus, of the five whale species identified here, only *Eubalaena australis* have been identified before in an archaeological context in New Zealand. Toothed whales are represented in the DNA record by three species: orca (*Orcinus orca*), true dolphins (subfamily: Delphininae), and Cuvier's beaked whale (*Ziphius cavirostris*). The baleen whales are represented by two species: the fin whale (*Balaenoptera physalus*) and the southern right whale (*Eubalaena australis*), identified at one site each on the South Island ([@r30]) ([Fig. 2](#fig02){ref-type="fig"}). Analogous to the identification of seals discussed earlier, the unexpected absence of pilot whale DNA in our data ([*SI Appendix*, Fig. S6](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)) could suggest that the identification of fragmented whale bones is more likely to follow the dominant archaeological paradigm that reflects the modern stranding record, where pilot whale is frequently reported. Our data suggest that the diversity of whales used in precontact New Zealand is far greater than previously believed.

The nature and value of whale products in preindustrial cultures is heavily debated ([@r27], [@r29], [@r31]): Do they stem from the occasional whale stranding, or is it a result of a more organized strategy to target these species? With an adult weight well above 40 tons, and with the absence of heavy whaling harpoons from the archaeological record ([@r32], [@r33]), it is likely that the two baleen whales identified here represent scavenging of beached whales rather than hunting. The identification of three species of the smaller toothed whales at Redcliffs flat, Canterbury, in contrast, may suggest an organized targeting of these species: from the archaeological record, there is evidence of harpoon heads at the site alongside several morphologically unidentifiable whale bones ([@r34]). It is possible that Māori hunted these smaller whales by driving them into shallow waters and harpooning them from the beach ([@r35]). Nevertheless, despite the relative abundance of small whales at Redcliffs in our data, it is also possible that these species were scavenged. Single whale strandings are frequent on the shores of the Canterbury region ([@r28]), and the Māori harpoon heads from Redcliffs ([@r34]) may have been used for a range of potential functions other than whaling.

Fish Species: A Window into Past Fishing Technologies. {#s3}
------------------------------------------------------

To assess differences in past fishing technologies and geographical distributions of fish communities, we investigated fish species compositions for all archaeological assemblages along a north--south gradient. We found that latitude directly correlates with fish species composition (*P* \< 0.001; 999 permutations; [Fig. 3](#fig03){ref-type="fig"}), supporting the hypothesis that Māori were mainly relying on local fishing, rather than trading or traveling long distances to hunt. North Island fish assemblages are characterized by high numbers of snapper (Sparidae, *Pagrus auratus*), gurnards (Triglidae), and jack mackerels (*Trachurus*), whereas barracouta (*Thyrsites atun*), red cod (*Pseudophycis*), and ling (*Genypterus blacodes*) are more commonly identified in the South Island assemblages. This structure is consistent with previous studies of NZ subsistence practices ([@r36], [@r37]), demonstrating a clear distinction between fish assemblages between the two islands ([*SI Appendix*, Table S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)).

![Geographic trends in archaeological fish assemblages. Coordination analysis of fish species composition from North Island and South Island assemblages based on presence/absence data, with the latitude of each site overlaid on the plot. The five most extreme taxa on the second axis (CA1) detected at more than one site are highlighted (black dots and gray silhouettes) for high and low latitudes, respectively. Similarly, the most commonly identified taxon on each island is highlighted (black dots and black silhouettes). The distribution of all other taxa detected at more than one site is illustrated by gray dots.](pnas.1803573115fig03){#fig03}

For certain taxa, the taxonomic resolution in the DNA data enables species-level identification that is not typically attainable using morphology. We identify three species of eel not commonly detected in past morphological analyses of Māori middens. From four archaeological sites, one fresh water species (New Zealand short-finned eel, *Anguilla australis*) and two marine eels (*Conger* sp. and *Gnathophis* sp.) were detected ([*SI Appendix*, Table S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)). The relative abundance of eel species (4/21 or 19% of sites), and in particular the identification of *Gnathophis* sp., adds to the current discussion on the importance of eel as a Māori food source before European colonization ([@r37]). Because of taphonomy and difficulties in identifying eel remains, it has long been hypothesized that these animals were of greater importance than their bone remains in midden assemblages reflect ([@r38]). Our data demonstrate that we can detect previously identified species (*Anguilla* and *Conger*) and new species (*Gnathophis*), using DNA. Still, we do not detect eel frequently. This suggests that in the sites sampled, eel were likely an important seasonal supplement to Māori diet, but not a primary food source ([@r37]).

The Avifauna: Extinctions, Endemism, and Endangered Species. {#s4}
------------------------------------------------------------

At least 54 different bird species were identified in this study. Of these, 36 species are endemic to New Zealand (67%), and 13 species are extinct (24%; [*SI Appendix*, Table S5 and Fig. S5](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)). Moa species are commonly found in both archaeological (*n* = 6) and paleontological (*n* = 9) sites, and are represented by four species in the dataset: South Island giant moa (*Dinornis giganteus*), eastern moa (*Emeus crassus*), little bush moa (*Anomalopteryx didiformis*), and upland moa (*Megalapteryx didinus*). Furthermore, the different nature of deposition in archaeological middens and subfossil bone assemblages from caves is apparent in the data, with a clear separation of archaeological and paleontological sites based on ordination analysis of bird species composition (*P* = 0.002; [*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)). Despite geographical differences between sites, the avifauna of archaeological midden assemblages typically include petrels, cormorants, and penguins, whereas paleontological sites are commonly characterized by raptors, kiwi, rails, and the endemic New Zealand parrots (Strigopidae; [*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)).

The New Zealand parrots (Strigopidae) were identified at numerous sites across the North Island and the South Island. Most commonly identified is the kākāpō, detected at seven sites, followed by kea (*Nestor notabilis*), at three sites, and the kākā (*Nestor meridionalis*), at two sites. Concordant with morphological studies that frequently identify New Zealand parrots in Māori middens ([@r39]), we find DNA evidence of these birds at two midden sites: kea and *Nestor* sp. were identified at Wairau Bar and Watson's Beach, respectively. The notion that these birds were hunted by Māori has sparked a debate on the timing, causes, and extent of biodiversity decline for these species, which has been studied in kea ([@r40]) and kākāpō ([@r41], [@r42]), based on genetic markers from modern and ancient samples. However, few, if any, ancient samples predating European arrival to New Zealand were included in these studies. Accordingly, as BBM rapidly screens thousands of bones for DNA preservation, the use of bulk bone samples could prove an invaluable tool to increase the amount of ancient material available in such studies, especially for taxa that are comparatively rare (e.g., kea and kākāpō).

To demonstrate how bulk bone could be used to examine past intraspecific genetic diversity, we reanalyzed the bulk bone extracts in which kākāpō was detected, but this time employed a kākāpō-specific assay targeting a 214-bp stretch of the mitochondrial control region. DNA was successfully amplified in 13 bulk bone extracts, which after strict error filtering (*Methods*) yielded a total of 10 haplotypes, with a clear separation between the North Island (five haplotypes) and South Island (five haplotypes) clades ([Fig. 4](#fig04){ref-type="fig"}). Of these, only two haplotypes have been described previously from modern and historical (AD 1847--1974) samples, using this assay ([@r41]). Hence, with the characterization of three previously unknown South Island haplotypes and the description of the North Island clade, these data demonstrate the value of the bulk bone method in providing samples from rarely identified species. Albeit based on a small sample size, these data suggest that a number of kākāpō haplotypes were lost before European arrival, reinforcing the idea that Māori activities also impacted the kākāpō population and that attributing the decline solely to European arrival ([@r41]) may be an artifact of 'missing' aDNA data.

![Decline in kākāpō genetic diversity. Haplotype network of a 214-bp mitochondrial control region sequence from modern, historical, and prehistorical kākāpō populations. Gray circles indicate haplotypes identified from single source material in Bergner et al. ([@r41]), whereas colored haplotypes were identified from bulk bone samples generated in this study. Hatch marks represents the number of control region mutations between haplotypes. For modern and historical haplotypes, numbers in each circle represent number of individuals in each haplotype, whereas for the prehistorical samples, numbers indicate number of DNA extracts in which each haplotype has been detected.](pnas.1803573115fig04){#fig04}

Reptiles and Amphibians: The Extinct Frog *Leiopelma markhami*. {#s5}
---------------------------------------------------------------

We detected five species of reptiles and amphibians: tuatara (*Sphenodon punctatus*), a skink (*Oligosoma* sp.), and three leiopelmatid frogs ([*SI Appendix*, Table S6](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)). Despite not targeting herpetofauna specifically, the tuatara is identified by two assays at three paleontological sites and in one midden assemblage. Similarly, the frogs within the genus *Leiopelma* were detected by two assays at four different paleontological sites. Although cryptic morphology renders species limits within leiopelmatids ambiguous ([@r21]), seven species are currently recognized, of which three are extinct. The introduction of the Pacific rat (*Rattus exulans*) to New Zealand, along with habitat loss, is thought to be the primary cause of population contractions and extinctions within Leiopelmatidae during the past 750 y ([@r6]), and today, leiopelmatids survive only on rat-free islands and in isolated areas of the North Island. The fact that these frogs were only found in paleontological sites rather than middens supports the idea that they were not hunted to extinction. The previous widespread distribution of leiopelmatid frogs, as well as the loss in diversity within the genus, is evident from the DNA data, in which we identify several distinct *Leiopelma* lineages across the South Island. The extinct *Leiopelma markhami* was identified in six different samples from the sites Graveyard, Eagles Roost, and Cobden Cave. These data suggest that *L. markhami* was once particularly widespread on the northern half of the South Island. Surprisingly, DNA from the extant *L. archeyi* and *L. hamiltoni* was only detected at a single site, Takaka Hill. A phylogeny constructed with these reads including reference sequences from extant taxa and a reference for the extinct *L. markhami*, generated for this study, places *L. markhami* as the sister clade to all other species within the genus with high bootstrap support (\>0.99). Furthermore, we report a similar phylogenetic spread within the *L. markhami* clade as in the *L*. *pakeka*/*L*. *hamiltoni*/*L*. *archeyi* complex, which was recently suggested to represent a single species, based on lack of morphological differentiation ([@r21]) ([*SI Appendix*, Fig. S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)). These results provide additional evidence for the close phylogenetic relationship among *L*. *pakeka, L*. *hamiltoni*, and *L*. *archeyi*, but further DNA work is still needed on single-source bones to test whether they should be considered the same species.

Conclusion {#s6}
==========

Loss of archaeological sites because of rising sea levels coupled with poor DNA preservation have often obscured attempts to gain a more nuanced picture of how humans first interacted with new landscapes. New Zealand remains one of the few places with a recent and well-preserved record spanning a climatically stable time before and after human arrival, and as such can be used as a proxy to understand the mode and tempo of extinctions and extirpations elsewhere in the world. As a large-scale ancient DNA survey of bone assemblages, this study demonstrates that species composition among sites can be reproduced from small samples of unidentifiable bone fragments, using BBM. Furthermore, our study has identified species and patterns typically missed by traditional morphological approaches, including the detection of whales and a high reliance on sea lions and elephant seals by early Māori.

Collectively, these findings highlight the impacts that human arrival had on biodiversity across New Zealand. The identification of moa and pinniped DNA throughout early Māori sites confirm that these species were hunted up until their extinction/extirpation in the 15th century. In contrast, the absence from Māori middens of other extinct species that survived into the 20th century, such as bush wren, kōkako, and laughing owl, indicate that activities by European settlers were likely drivers of their decline. Last, for still-extant species, range contraction and population size decline are reflected in our dataset by the decrease in kākāpō and *Leiopelma* genetic diversity, along with the detection of tuatara (currently restricted to islands in Cook Strait and off northern New Zealand) in three South Island sites.

The insights into past biodiversity and subsistence practices gained here highlight the value of the nondiagnostic fraction of bone assemblages for the use in ancient DNA studies as a complementary approach to traditional morphological identifications. Although both morphological analysis and BBM are challenged by inherent limitations, the high level of agreement between the morphological record and the genetic data presented here serves as a validation of both. As such, these results demonstrate how future excavations can benefit from genetic approaches to study excavated bones; in particular, in assemblages rich in bones that are challenging to identify morphologically, such as bones from fish, amphibians, micromammals, and small birds.

Materials and Methods {#s7}
=====================

Sampling, Extraction, and Metabarcoding. {#s8}
----------------------------------------

Samples were obtained from the collections at Canterbury Museum, University of Otago (Department of Zoology and Department of Anthropology and Archaeology), and the Museum of New Zealand Te Papa Tongarewa ([*SI Appendix*, Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)). In total, fragmented bones from 14 paleontological, 21 archaeological, and 2 mixed (paleontological and archaeological) sites were subsampled from larger collections of unidentified bones. In addition, previously published BBM data from the paleontological site Finsch's Folly ([@r43]) were included in the analysis to increase the sample size. As the earliest samples were excavated in the 1950s (others were excavated in the last decade), the excavation process and level of detail on stratigraphic information of the deposits vary. Hence, for this study, we do not distinguish between different stratigraphical units within one site, but consider bones from one site as one entity, and the age of those bones as the age range of that bone deposit ([*SI Appendix*, Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)).

Pre-PCR processing was undertaken at the TRACE (Trace Research Advanced Clean Environment) aDNA facility at Curtin University, Western Australia, following strict aDNA guidelines ([@r44]) and including at least two controls for each batch of sample preparations ([*SI Appendix*, *Supplementary Information Text* and Tables S7 and S8](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)). Bone fragments were subsampled ([*SI Appendix*, Section 4.1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)) and DNA was extracted using a modified version of the extraction protocol described by Dabney et al. ([@r45]). DNA metabarcoding was carried out using four metabarcoding assays ([*SI Appendix*, Table S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)), in which barcode regions of several mitochondrial genes (*12S* and *16S rRNA* gene) are amplified with primers targeting vertebrates (12SV5), mammals (Mam16S), fish (Fish16S), and birds (12SAH).

Sequence Analysis. {#s9}
------------------

Sequences were filtered using a custom-made pipeline based on OBItools ([@r46]) (<https://pythonhosted.org/OBITools/welcome.html#installing-the-obitools>; [*SI Appendix*, Section 4.3 and Table S10](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)), and taxonomic assignment of the reads was achieved using a modified version of the getLCA approach described in Seersholm et al. ([@r31]) (<https://github.com/frederikseersholm/getLCA>). Lastly, after raw taxonomic assignments, each taxonomic node was examined and correlated to records of species present in New Zealand, as in Murray et al. ([@r23]) ([*SI Appendix*, Section 4.4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)). Raw data from the taxonomic assignment, along with information on reassigned nodes, are available in [Dataset S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental).

Statistical Analyses. {#s10}
---------------------

Correspondence analyses were performed in R, using the vegan package (<https://cran.r-project.org/web/packages/vegan/index.html>), based on presence absence data. "Fingerprints" to illustrate distributions of specific subgroups of species were plotted using ordiellipse (vegan) with incremental confidence intervals of 0.4, 0.6, and 0.8 ([Fig. 1*C*](#fig01){ref-type="fig"}) or a single confidence interval of 0.6 ([*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)). Coordination analysis was used to visualize the relationship between latitude and fish assemblage clustering, using ordisurf (vegan) with the maximum likelihood method to estimate the smoothing parameter. To identify significant environmental variables, permutation tests were carried out on ordinations constrained by each variable, using Permutation Test for Constrained Correspondence Analysis (anova.cca) with 999 permutations.

Kākāpō DNA Amplification and Haplotype Analysis. {#s11}
------------------------------------------------

To assess kākāpō genetic diversity, we amplified a 214-bp region of the kākāpō mitochondrial [d]{.smallcaps}-loop (control region), using primers from Bergner et al. ([@r41]) ([*SI Appendix*, Table S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803573115/-/DCSupplemental)). Using this assay, we successfully amplified DNA from 13 of the 17 DNA extracts in which kākāpō was identified previously with metabarcoding. To filter out spurious reads and PCR errors, we only considered reads present in all four replicates at an abundance of more than 1.29% of the most abundant read to be true haplotypes \[note that this threshold was calculated from eight separate amplifications of DNA extracted from a single kākāpō bone ([@r47])\]. To visualize the relationships between haplotypes, a minimum spanning haplotype network was generated with the R package *pegas* ([ape-package.ird.fr/pegas.html](http://ape-package.ird.fr/pegas.html)), including modern (*n* = 50) and historic (*n* = 46) data published by Bergner et al. ([@r41]).
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